Cryptococcus neoformans frequently causes fungal meningitis in immunocompromised patients, whereas the related species C. gattii is restricted to tropical and subtropical regions, where it usually infects immunocompetent individuals. An outbreak of C. gattii infection that began in 1999 on Vancouver Island has resulted in endemic C. gattii infection and caused numerous human and veterinary infections; the outbreak's range has spread to mainland British Columbia. The outbreak-related isolates have been molecular type VGIIa, the major genotype, or VGIIb, the minor genotype. Since
British Columbia, Canada, which began in 1999 and is ongoing [4, 5] . C. gattii infection on Vancouver Island is caused almost exclusively by 2 organisms with the VGII molecular genotype (ϳ90%-95% of infections are due to VGIIa and ϳ5%-10% of infections are due to VGIIb) [3, 6] . Although VGII occurs in well-established cryptococcosis-endemic regions, such as Australia, the most common genotype (in Australia and elsewhere) is VGI [7] . C. gattii can be isolated in cryptococcosisendemic areas, and airborne particles have been isolated by use of air sampling [8, 9] . A recent study reported cases of C. gattii VGII infection on mainland British Columbia that occurred in patients and animals with no history of travel to Vancouver Island, indicating that the outbreak genotype has spread beyond the island [10] . In February 2006, the first confirmed case of C. gattii infection in the United States due to the outbreak-related genotype VGIIa was reported in a patient from Washington [11] . Environmental sources from which C. gattii has been isolated in British Columbia and the Pacific Northwest region of the United States include trees native to the Pacific Northwest, soil, air, and water [10] .
Pathogenic Cryptococcus species routinely reproduce clonally, but they can also complete a sexual cycle in-volving a-␣ opposite-sex mating or ␣-␣ same-sex mating [12, 13] . Studies have identified trees that harbor recombining populations in which there is active mating between a-␣ or ␣-␣ cells [14] . It has been postulated that the spores thus produced are the infectious propagules [13, 15] . Analyses of isolates related to the Vancouver Island outbreak suggest that a hypervirulent genotype may have originated from ␣-␣ mating [3] . Given that no a isolates have been recovered from Vancouver Island, ongoing ␣-␣ mating may also contribute to spore production [3] .
C. gattii infection persists as a public health problem on Vancouver Island, and it is clear the organism's range has spread. A British Columbia Centre for Disease Control surveillance study of C. gattii between 1999 and 2006 documented increasing incidence of infection on Vancouver Island and established spread to the mainland [10, 16] . Our efforts focused on determining whether the range of C. gattii infection is expanding into the United States, and if so, the relationship of the US isolates to the genotypes involved in the Vancouver Island outbreak. Our results document infections in humans and mammals, indicating an expansion of the range of VGIIa from Vancouver Island to the Pacific Northwest region of the United States. In addition to the VGIIa and VGIIb genotypes, we identified a divergent VGIIc cluster that has infected humans and other mammals. The VGIIc genotype is distinct from other isolates analyzed thus far, with the exception of a clinical isolate from Oregon reported in 2005 [10] . In addition, the first infection in the region due to a VGIII isolate was noted. These data reveal an expansion of the outbreak's range beyond Vancouver Island, establishment of the outbreak-related genotype in the United States; the results also show a distinct VGII genotype (VGIIc) in the United States [10] and that the United States has been invaded by a VGIII isolate. The origins of C. gattii VGIIa on Vancouver Island and of the VGIIc molecular genotype that is present in the United States but not Vancouver Island remain to be elucidated.
MATERIALS AND METHODS
Case and isolate identification. Human and veterinary cases of confirmed or suspected C. gattii infection in Washington and Oregon were identified by referring physicians and veterinarians (see Acknowledgements and table 1, which is available only in the electronic version of the Journal). Melanin production was assayed by growth and dark pigmentation on Staib medium, and urease activity was detected by growth and alkaline pH change on Christensen's agar. These tests were used to establish whether isolates were C. neoformans or C. gattii. Isolates were then examined for resistance to canavanine and use of glycine on L-canavanine-glycine-2 bromothymol blue (CGB) agar. Growth on CGB agar indicates that isolates were canavanine resistant and able to use glycine as a sole carbon source, triggering a bromothymol blue color reaction indicative of C. gattii, whereas C. neoformans is sensitive to canavanine and cannot use glycine as a sole carbon source, which results in no growth or coloration in this selective indicator medium. All positive samples were colony purified and grown on rich medium prior to extraction of genomic DNA.
Genotyping. For MLST [17] , each isolate was analyzed with a minimum of 8 unlinked loci. For each isolate, genomic DNA was extracted, amplified, purified, and sequenced. All primers used for MLST analysis were designed specifically to amplify open reading frame gene-sequence regions, including variable noncoding DNA regions to maximize discriminatory power [3] (table 2, which is available only in the electronic version of the Journal). Sequences from both forward and reverse strands were assembled and manually edited by use of Sequencher (version 4.8; Gene Codes Corporation). BLAST analysis of the GenBank database (National Center for Biotechnology Information) was performed, and each allele was assigned either an existing allele number from the analysis by Fraser et al. [3] or a new allele number if a perfect match was not found. GenBank accession numbers and corresponding allele numbers are listed in table 3, which is available only in the electronic version of the Journal.
RESULTS
Between 2006 and 2008, we were informed of 14 human and 8 veterinary cases of confirmed C. gattii infection in the Pacific Northwest (table 1, which is available only in the electronic version of the Journal). The geographic locations of these cases span much of Washington and Oregon (figure 1A). The veterinary cases involved a range of animals, including porpoises, alpacas, cats, and dogs.
Isolates were confirmed to be C. gattii on the basis of melanin and urease production, as well as resistance to canavanine and glycine use on CGB agar. All isolates (except EJB11) have the VGII molecular type. While the VGII isolates from Washington are the major molecular type (VGIIa), the population in Oregon ure 1B) . To determine the mating type of each isolate, polymerase chain reaction and sequence analysis were used to detect mating type-specific alleles of the SXI genes. Sequence analysis of the sex-specific SXI1␣ mating-type gene, as well as the absence of the SXI2a gene, showed that all isolates were MAT␣. Of the 13 isolates from Washington, 12 were identical to control isolates from the VGIIa major genotype. The exception was a novel VGIII strain isolated from a case patient in southern Washington State. Of the 12 VGIIa isolates recovered from cases in Washington, 11 were recovered from cases in the coastal Puget Sound region; the remaining isolate was recovered from a case in Seattle. In addition, the occurrence of cryptococcosis in marine mammals is a potential harbinger of dispersal. These findings document the spread of organisms with the major outbreakrelated genotype from Vancouver Island into Washington.
To date, all C. gattii isolates recovered from northwest Washington belong to the VGIIa major outbreak genotype. Isolates from Oregon were also VGII, but they were more diverse and could be grouped into 3 genotypes-VGIIa, VGIIb, and VGIIc. The VGIIb molecular type is found in both Australia and on Vancouver Island, whereas the VGIIc molecular type is distinct from other VGII molecular types found elsewhere in the world, although it shares some MLST-identified alleles with both VGIIa and VGIIb. The VGIIc isolates are noteworthy because they have never been found on Vancouver Island, in mainland British Columbia, or in Washington, but they were recovered from both humans and animals in Oregon.
Despite the fact that it shares alleles with other VGII strains, sequence analysis of the VGIIc genotype indicates that it is unique. MLST analysis of 8 loci indicated that this group shares 5 loci with VGIIa and 1 locus each with isolates from the VGIIb and VGII genotypes; in addition, VGIIc has 1 novel allele not seen in any other VGII genotype (figure 1B) and was also shown to be distinct in a previous study [10] . When this analysis was expanded to include 8 additional loci characterized by MLST, the VGIIc group was found to share another locus with the VGIIa group; it also shared the TOR1 locus with a divergent VGII isolate and contained novel alleles at 6 additional loci (figure 1C) . The discovery of VGIIc, coupled with the recent cases of cryptococcal disease, mark the emergence of a new VGII molecular type in this region.
The lone VGIII isolate, which was molecularly distinct from VGII and therefore unrelated to the outbreak, was recovered in southern Washington, at a location distant from the outbreak expansion zone (figure 1). Most VGIII subgroup isolates are serotype C, and they more commonly infect immunosuppressed patients, such as patients with AIDS [3, 18, 19] . While this case of infection due to C. gattii VGIII is not indicative of the expanded range of the outbreak of C. gattii VGII infection, its discovery provides evidence of an increased regional incidence of C. gattii infection and highlights the need to molecularly classify clinical isolates of Cryptococcus.
DISCUSSION
Our findings document expansion of the range of the outbreak of C. gattii infection from British Columbia to Washington and Oregon. This conclusion is based on the results of extensive MLST analysis, which demonstrated the presence of isolates in the United States identical to control isolates from the VGIIa major and VGIIb minor genotypes involved in the Vancouver Island outbreak. These results illustrate an increased risk of infection, as well as an expansion of the zone in which this pathogenic fungus is endemic. Given the travel history of the people and animals affected, most of the infections in Washington and Oregon were not the result of exposure on Vancouver Island or in Canada. As a consequence, it appears the impact of C. gattii infection is increasing as an emerging infectious disease in the Pacific Northwest.
In addition to the significant human risks, there is also an expanding risk to terrestrial wild, agrarian, and companion animals, as well as marine mammals [8] . Furthermore, the occurrence of disease in nonmigratory animals provides additional evidence that these isolates were acquired locally in Washington and Oregon. With the exception of a few anomalous cases, cryptococcosis is not transmissible among animals or humans.
The expansion of the range of C. gattii is likely abetted by increasing human traffic and animal migration. A previous environmental survey of C. gattii in British Columbia and the Pacific Northwest region of the United States documented the perennial colonization of certain locales as well as evidence of ongoing dispersal associated with human travel; however, no isolates were recovered from Oregon [20] . In addition, an increase in the amount of airborne C. gattii has been detected in forestry areas, indicating that disruption of trees may foster its spread [20] . It is likely that both anthropogenic and natural dispersal are occurring in the region.
Another open question with respect to the outbreak and the expansion of the area affected by it has to do with the contribution, if any, of spores generated by same-sex or opposite-sex mating. Spores are smaller than vegetative yeast cells, easily disseminated, and highly infectious [15] . The sexual cycle might also generate recombinant progeny with altered virulence. Vancouver Island air samples revealed particles small enough to be spores [20] . The recent finding that coculturing Cryptococcus with plants stimulates sexual reproduction suggests how infectious spores might be produced in nature [21] .
It is unclear how frequently mating occurs in natural populations of C. gattii. In Australia, both a-␣ and ␣-␣ mating have been observed in natural populations [14] , but in the Pacific Northwest-where no a isolates have been identified-␣-␣ mating may be more common. In one model, VGIIb arrived from Australia and recombined in transit or on arrival through samesex mating to form the VGIIa outbreak-related genotype, which then expanded to British Columbia and the Pacific Northwest [3] (figure 2). The way in which VGIIc emerged is less clear, and it may have come from outside the region or may be a recombined isolate (figure 2). Increased sampling may enable elucidation of the origin of this genotype.
Although same-sex mating is a plausible hypothesis to account for the recombination event that may have spawned the outbreak, an alternative hypothesis is that the Vancouver Island outbreak is the result of opposite-sex mating, possibly in South America, that gave rise to the outbreak isolate [3, 22] . An investigation of C. gattii in Colombia recently discovered a population that contained 96.6% serotype B a isolates [22] . Considering that the VGIIb outbreak-related genotype is identical at 30 loci characterized by MLST to isolates from fertile, recombining Australian populations [9, 23] and that all of the outbreakrelated isolates, including those identified in the present study, are mating type ␣, we favor the ␣-␣ mating hypothesis, although studies are needed to determine whether a-␣ recombination is occurring in South America and the impact of such recombination.
Although the origin of the VGIIa outbreak-related genotype has not been resolved, the expansion of the range of both outbreak-related genotypes into neighboring regions is clear. It is likely that one or more isolates reached Vancouver Island directly, and the organism's endemic zone is now expanding to mainland British Columbia and the United States. The time line for the outbreak and its spread into mainland Canada correlate well with expansion rather then an ascertainment bias from increased surveillance. Retrospective case reviews identified no cases of C. gattii infection in the Pacific Northwest region of the United States during 1997-2004 [11] , whereas current prospective studies have revealed ϳ20 cases since the 2006 United States index case [11] . Our studies provide insights into the expanded range of this outbreak and indicate a clear need for future studies, as well as vigilant public health reporting. In addition, novel molecular types, including VGIIc, may have entered the United States directly; alternatively, they may never have become established or thus far escaped detection on Vancouver Island. Although cases of C. gattii infection in Oregon have occurred in humans and animals, the environmental niche of this organism remains elusive. Ecological studies of C. gattii in the Oregon environment are needed to determine likely reservoirs and enable an understanding of population structures. This approach should shed further light on the dynamics of an emerging pathogen and help clarify influences that affect the origins and expanding ranges of microbial pathogens. 
